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Abstrat
We disuss how the onditions at high redshift dier from those at low
redshift, and what the impat is on the galaxy population. We fous in
partiular on the role of gaseous dissipation and its impat on sustaining
high star formation rates as well as on driving star-bursts in mergers.
Gas aretion onto galaxies at high redshifts ours on a halo dynamial
time allowing for very eiently sustained star formation. In addition
old aretion ows are able to drive turbulene in high redshift disks
at the level observed if at least 20% of the aretion energy is onverted
into random motion in the gaseous disk. In general we nd that the
fration of gas involved in galaxy mergers is a strong funtion of time
and inreases with redshift. A model ombining the role of dissipation
during mergers and ontinued infall of satellite galaxies allows to re-
produe the observed size-evolution of early-type galaxies with redshift.
Furthermore we investigate how the evolution of the faint-end of the
luminosity funtion an be explained in terms of the evolution of the
underlying dark matter evolution.
1 Introdution
There is ample evidene that the onditions under whih galaxies formed at
high redshift where quite dierent to those at later times during the evolution
of the universe. Impressive evidene supporting suh a view has been lately
olleted from detailed integral eld spetrosopy of z ∼ 2 galaxies (Förster
Shreiber et al. 2006, Genzel et al. 2006). These observations reveal massive,
high star forming galaxies that show rotational struture that resemble those
of disk galaxies. In ontrast to low redshift disk galaxies however, the ratio of
gas rotational veloity to veloity dispersion is only of the order few ompared
to V/σ ∼ 10 at low z. Furthermore it has been well established by now, that
the star formation rate in the universe is a delining funtion of time (Hopkins
2004) and that this is driven by a down-sizing in the average star formation
rate of galaxies of a given mass as a funtion of time (Juneau et al 2005,
Noeske et al. 2007). Besides star formation, merger rates (e.g. Le Fèvre
et al 2000) and AGN ativity (Hasinger et al. 2007) show an upward trend
with redshift, peaking around z ∼ 3 − 4 indiating the importane of the
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high-z universe for the assembly and formation of galaxies. That indeed a
large fration of the stellar mass of massive galaxies is already in plae at
z ≥ 2 nds it support from studies of their stellar population (Thomas et al.
2005) and the evolution of the mass density in units of the z = 0 mass density
(Pérez-González et al. 2008).
The hierarhial ΛCDM paradigm has been suessful in prediting and re-
produing several of the above mentioned trends. In partiular the inreasing
merger fration as a funtion of redshift is a natural outome (kb2001, ks2008,
farouhki ma) of this model and driven by the merging history of the under-
lying dark matter halos. With respet to the evolution of baryoni physis
within suh evolving haloes early work by (Binney 1977, Silk 1977, Rees &
Ostriker 1977) laid out the ground work. Radiative ooling and the ollapse
into a rotationally supported disk of initial hot gas at the halos virial tem-
perature, followed by star formation in this disk where the main mehanism
to build up galaxies. Besides its simplifying assumption, e.g. about spherial
symmetry of the halo, its prole and other properties of the dark matter and
assoiated gas infall, these models proved to be very suessful in prediting
galaxy properties and in partiular a transition mass sale at whih galaxy
formation beomes very ineient due to long radiative ooling times of the
gas (Dekel & Birnboim 2006), thus ausing star formation to slow down or
even halt. In omparison to detailed high resolution numerial simulations
these models have shown to predit ooling rates too low by a fator of a
few, espeially in low mass halos and at early times (Keres et al 2005). This
disrepany an be attributed partly to the geometry of the aretion proess
in osmologial simulations whih is not neessarily spherial symmetri as
assumed in simplied models, but follows the osmi laments. However, the
essene of the aretion proess of old gas at high redshift an be summarized
by fast and eient, on the host halos dynamial time. In eet old gas is
areted with a rate omparable to the dark matter aretion rate times the
osmologial baryon fration fbM˙DM . This situation will not hold in massive
halos however, where stable shoks heat the infalling gas to the halos virial
temperature and ooling times are longer than the dynamial time, and nei-
ther at late times when already a substantial fration of baryons have made it
into stars. In the following setion we will investigate the impat this eient
provision of old gas has on the evolution and formation of galaxies.
2 The Model
We use the semi-analyti model Simurgh to model the formation and evolu-
tion of galaxies. The dark matter history is alulated using the merger tree
proposed by Somerville et al. 1999 with a mass resolution of 2 × 109M⊙.
The baryoni physis within these dark matter haloes is alulated following
reipes presented in Springel et al. (2001) and referenes therein, inluding a
model for the reionizing bakground by Somerville 2002. In our simulation, we
assume that elliptial galaxies form whenever a major merger (M1/M2 ≤ 3.5
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with M1 ≥M2) takes plae. We assume that during this proess, all the old
gas in the progenitor disks will be onsumed in a entral starburst, adding to
the spheroid mass, and that all stars in the progenitor disks will ontribute to
the spheroid as well. Furthermore, we also add the stars of satellite galaxies
involved in minor mergers to the spheroid. The merger time sale for galaxies
is alulated using the dynamial frition presription in Springel et al. (2001)
and we nd that the predited merger rate is in good agreement with obser-
vations Khohfar & Burkert 2001. For more modeling details, we refer the
reader to Khohfar & Burkert 2005 and Khohfar & Silk (2006a). Please note
that our simulation does not inlude AGN-feedbak (Shawinski et al. 2006)
or environmental eets (Khohfar & Ostriker 2007) that have inuene on
the most massive galaxies. Throughout this paper, we use the following set
of osmologial parameters derived from a ombination of the 5-year WMAP
data with Type Ia supernovae and measurements of baryon aousti osilla-
tions (Komatsu et al. 2008): Ω0 = 0.28, ΩΛ = 0.72, Ωb/Ω0 = 0.16, σ8 = 0.8
and h = 0.7.
2.1 Evolution of the faint-end luminosity funtion
The faint-end of the galaxy luminosity funtion oers a strong onstraint on
the eieny of galaxy formation within small mass dark matter halos. Cos-
mologial N-body simulations predit a power-law slope of α ∼ −2 at all
redshift. Observations of the faint-end luminosity funtion however, show a
slope that is less steep and varies depending on the observed band and en-
vironment between α ∼ −0.9 to α ∼ −1.5 (Ryan et al. 2007). The widely
aepted explanation is that feedbak from supernovae is hindering star for-
mation in low mass haloes. The rational behind this argument is that the
spei energy of hot gas is lower in low mass halos and therefor the amount
of old gas reheated per supernovae is larger than in massive halos (Dekel &
Silk 1986). The way that supernovae operate per solar mass stars formed is
independent of redshift onsidering the same stellar initial mass funtion, thus
it omes as a surprise that observations with the Hubble Spae Telesope a
steepening of the slope with redshift (Ryan et al. 2007).
In Fig. 1, we show the predited evolution of α(z) for our best-t loal
model, i.e. a model that is hosen to best t the loal luminosity funtion
(Khohfar et al. 2007). For onsisteny with the majority of observations, we
alulate the faint-end slope for the rest-frame FUV at z ≥ 4 and at lower
redshifts for the rest-frame B-band. We indeed nd an evolution in α with
redshift that is in fair agreement with the observed evolution.
The immediate question that arises is, what inuenes and is the main
driver for the evolution in α? Generally, supernova feedbak is onsidered the
dominant mehanism in shaping the faint-end of the luminosity funtion Dekel
& Silk 1986. The shaded region in Fig. 1 shows the range of linear ts to
α(z) that we nd by varying the star formation eieny and the supernovae
feedbak eieny. We infer only a very modest hange in α(z) for reasonable
hoies of feedbak eienies, and therefore onlude that another proess
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Figure 1: Left gure: The slope α at dierent redshifts as predited by the
best t loal model. Filled symbols show results from the simulation and
the solid line is the best t to the simulation data. Errorbars indiate 1 − σ
errors. The dashed lines show the t to the ompiled data in Ryan et al.
(2007). The shaded region shows the range of linear ts to α(z) that we nd
when varying the star-formation and supernovae feedbak eieny. Stars are
the ompilation from Ryan et al. (2007). Right gure top panel: Relation
between UV luminosity and host dark matter halo mass for entral galaxies
at z = 0 and z = 6. Bottom panel: Dark halo mass funtion at the same
redshifts.
must be responsible for the observed evolution in α(z).
The mass funtion of dark matter halos is known to show a strong evo-
lution with redshift. The galaxies ontributing to the luminosity funtion
around L∗ are mostly entral galaxies in their dark matter halos, i.e. the
most luminous galaxy within the halo (e.g. Khohfar & Ostriker 2008). It
is therefore not unreasonable to assume a onnetion between the evolution
of α(z) and that of the dark matter mass funtion. When onsidering the
luminosity of entral galaxies residing in dark matter halos of the same mass
at dierent redshifts, we nd that at early times, entral galaxies are up to
three magnitudes brighter than their ounterparts in low redshift halos (see
Fig. 1 right upper panel). This is even the ase for halos hosting sub-L∗
galaxies. Similar results have been reported by (Kobayashi et al. 2007), who
showed that dwarf galaxies at early times are not aeted by supernova feed-
bak in their simulations beause ooling times are very short in these halos
and the energy injeted by the supernovae is rapidly dissipated away. The
slope in the region of dark matter halos that host sub-L∗ galaxies is steeper
at high redshift, and onsequently so is α (Fig. 1 right lower panel). The
same is true for other hoies supernovae feedbak and star formation e-
ieny, thereby explaining why we do not nd any strong dependene of α(z)
on these parameters.
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Figure 2: Left gure: Observed and modeled size-evolution of early-type
galaxies of various masses. Right gure: Size-evolution as a funtion of stellar
mass. We nd that massive elliptial galaxies show the strongest size-evolution
with up to a fator of ∼ 4 from z = 2 to z = 0.
3 Size-evolution of early-type galaxies
Various observational surveys have revealed that elliptial galaxies are more
ompat at high-z (Trujillo et al. 2006). A natural way to explain suh a
behavior is the ombination of dissipation during merger, whih drives gas
to the entre of the remnant and makes it more ompat than in the ase of
no dissipation (Cox et al. 2006, Khohfar & Silk 2006b) and the ontinued
aretion of satellites that pu up the host galaxy (Naab et al. 2007, Khohfar
& Silk 2006b). We nd that in general the average gas frations in mergers
inrease from 10% in massive mergers at z = 0 to up to 30% at z = 4. In
addition to that we nd that massive galaxies have an order of magnitude more
minor than major mergers. To estimate the size evolution we adopt a model
in whih the relative size of to remnants of the same mass is proportional the
relative amount of dissipation they enountered during their merging history.
In this way a remnant of a gas-rih merger is more ompat than that of a
gas poor merger and equally a remnant of many gas-poor satellite mergers is
less ompat than that of a major merger involving gas.
In Fig 2 we alulate the size evolution for the same redshifts presented
in Trujillo et al. (2006). The authors took the mean eetive radii of the
ln(R
e
) distribution for galaxies above two mass thresholds of 3 × 1010h−2
70
M⊙ and 6.6× 1010h−270 M⊙ from the SDDS sample of early-type galaxies and
divided the eetive radii of early-type galaxies at higher redshifts by this
value. After arranging their galaxies in various redshift bins they alulated
the means of these ratios and presented these values. We here use the same
method to ompare our results to theirs. For both ases of limiting masses,
the agreement is exellent. It appears that the dierene in sizes is more
signiant for massive early type galaxies. In the right part of Fig 2 we predit
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the size-evolution in four dierent mass ranges based on the relative amount
of their merger omponent. While loal early-type galaxies between 1010 M⊙
and 1011 M⊙ are around 1.25 times larger than their ounterparts at z = 2,
loal early types with masses larger than 5× 1011 M⊙ will be approximately
4 times larger than their ounterparts at z = 2. This dramati hange in
sizes in our model results from massive galaxies at high redshifts forming in
gas-rih mergers while galaxies of the same mass at low redshifts form from
dry major mergers (Khohfar & Burkert 2003, Naab et al. 2006) and minor
mergers with small total amounts of old gas. It is interesting to note that
models with a harateristi shut-o mass sale for ooling of gas predit dry
mergers as the main mehanism to grow massive galaxies (Khohfar & Silk
2008a) and hene imply a large size evolution.
4 Cold aretion and turbulene
As mentioned in the introdution, observations reveal a large population of
massive, high star forming disk galaxies with gas veloity dispersion of the
order 40 km/s (Genzel et al. 2006). One open question is how these veloity
dispersion an be driven. Possible explanations that have been put forward
range from gas-rih galaxies mergers (Robertson & Bullok 2008), tapping
into gravitational energy of the disk and supernovae feedbak (Bournaud &
Elmegreen 2009, Dekel et al. 2009) to the release of aretion energy by old
streams (Khohfar & Silk 2008b). We here investigate latter assumption.
Numerial simulations by Ovirk et al. (2008) showed that the fration of
old areted gas that makes it way down to 0.2 Rvir as a funtion of dark
halo mass is roughly onstant down to z = 2 and a strong delining funtion
of halo mass. We model this behavior by enforing the simulation results onto
the gas ooling rates in our model. This way we make sure to be onsistent
with the simulation results. Furthermore, we assume that only old areted
gas is able to deposit a fration η of its kineti energy one it hits the galati
disk, while hot gas that radiatively ools down does not ontribute. Assuming
equilibrium between the ontributions from aretion and dissipation in the
disk leads to a simplied expression for the gas veloity dispersion as
σg =
√
η
√
2
M˙acc
Mgas
tdynVvir (1)
with M˙acc the old aretion rate. We here assumed that the energy dissi-
pation time sale in the galati disk is proportional to the loal dynamial
time, and that the ontribution to turbulene in the inter-stellar-medium from
supernovae is negligible ompared to the ontribution from aretion, whih
is the ase for high aretion rates that are found at z ≥ 2. In the left of Fig 3.
we show the predited orrelation between the ratio of disk rotational velo-
ity and gas veloity V/σ and disk rotation V from Khohfar & Silk (2008b).
Overlaid are various observations at high redshift showing good agreement
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between a model in whih eta = 0.2. This result indiates, that only a small
fration is atually neessary to drive suiently high turbulene. The strong
inline of V/σ as a funtion of V is a diret onsequene of the smaller old
aretion fration in massive halos, thus this model suggest that the funtional
form of the old aretion fration at high z diretly relates to a orrelation
of V/σ and V .
Figure 3: The relation between V/σ and V for modeled galaxies (small lled
irles). The observations are from Genzel et al. (2006) (large lled irle),
Genzel et al. (2008) (lled stars), Stark et al. (2008) (lled triangle) and
Cresi (2008, ApJ submitted) (lled squares). We here assume that 18%
of the aretion energy from old ows is used to drive turbulene in the
disk. Note that mergers are exluded as well as satellite galaxies that by
onstrution do not arete old gas anymore.
5 Disussion
In this paper we presented results on the formation of galaxies and their
properties at high redshift. We investigated the origin of the evolution of the
faint-end luminosity funtion, nding that in our model it is mainly driven
by the evolution of the underlying the dark matter mass funtion. Low mass
galaxies at high z oupy a range in dark matter halos that lies on a muh
steeper part of the dark matter mass funtion than their ounterparts at low
redshifts. This is the main reason for an evolution in the model faint-end slope.
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Supernovae feedbak on the other hand does not introdue an evolving faint-
end slope, though it will hange the slope to beome shallower at the roughly
same rate at all redshifts. An interesting possibility in this respet is the
hoie of IMF. In the ase of a top-heavy IMF one would expet more feedbak
ontribution. It has been argued, that the disrepany between observed star
formation rates and integrated stellar mass density in the universe an be
redued by applying a top-heavy IMF at z ≥ 2. Our simulations however,
show that an inrease or derease by a fator of few will not hange the general
trend of the faint-end slope with redshift, thus not drawing support to the
notion of an IMF hange at high z.
We ontinued by fousing on the role that the available fuel for star for-
mation plays. We showed that the formation of galaxies is more eient at
high redshifts, whih is a diret result of the fast aretion of old gas at high
z. The aretion of old gas at high z parallels that of the dark matter, and
hene is muh faster than at low redshift, resulting in high star formation
rates that an be sustained to build up suient massive galaxies.
Further onsequenes of high gas frations in galaxies at early times are
galaxy mergers with large fration of dissipation. Suh mergers have shown to
be result in very ompat remnants. We applied a simplied model that sales
the sizes of remnants with the amount of available fuel during their merger
history. Suh a model proves to be able to reprodue observed size-evolutions
of early-type galaxies very well. We nd the strongest size-evolution for the
most massive galaxies > 5 × 1011 M⊙, making a fator of 4 evolution in
their sizes from z = 2 to z = 0. The main ause for this strong trend is
the ourrene of very gas rih mergers at high z while the loal ounterparts
formed rather reent from dry mergers and a large fration of satellite galaxies
that help to further pu up the host galaxy.
The main mode of aretion at high redshifts is by old ows of material
oming into the halo along with the dark matter halos. In the ase ofM∗ halos
at high z these old aretion ows reah the host halo along osmi laments
and go straight down to the entre of the halo, where they an feed the main
galaxy on a dynamial time. By the time the old aretion ows reah the
main galaxy they will have aquired a substantial amount of kineti energy
that will have to be dispersed. Some if it will be radiated away and some
of it will go into rotational energy of the newly arrived material. Another
possible option is that some fration of this energy is used to drive turbulene
in the gaseous disk. Observations show that indeed high-z disks tend to have
higher gas veloity dispersions than loal disks. Using results from numeri-
al simulations on the fration of old areted material as funtion of halo
mass one nds that only 20% of the aretion energy of old ows is atually
needed to drive turbulene at the level that it is observed over a wide range
of galaxy masses and rotational veloities of disks at high-z. Interestingly one
an reover the steep orrelation between V/σ and V by just invoking energy
equilibrium between aretion energy and energy dissipation in the disk, and
the funtional dependene of the fration of old aretion as a funtion of
halo mass. It will be interesting now to see how the fration of old aretion
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will reet on V/σ for massive galaxies at low z.
We here presented a number of model results on galaxy properties at high
redshift, that relied on the faster assembly of struture, in partiular the
aretion of old gas onto galaxies. Coming observations will reveal further
details of the galaxy population at high redshift, that will ertainly require
more detailed modeling and will allow to test urrent models.
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